Subchronic effects of oxodipine, a calcium channel blocker affecting the adrenal gland of the dog, are described. Thirteen wk of treatment at a high dose (24 mg/kg/day) of oxodipine resulted in drug-induced thickening of the zona glomerulosa and increased stimulation of its secretory activity. It is postulated that subchronic administration of oxodipine at this dosage resulted in a decrease in blood pressure, with uninterrupted stimulation of the adrenal zona glomerulosa to release aldosterone, causing an increase in the width of this portion of the gland involving cellular hyperplasia. Support for this indirect effect is found in the increased presence of renin granules in the juxtaglomerular apparatus.
INTRODUCTION
Drug-induced thickening of the zona glomerulosa can be caused by direct stimulation, secretory, or growth effects on the parenchymal cells of the zona glomerulosa.
Calcium channel blockers are known to affect various physiological systems in a significant though divergent manner. For example, they are widely used as antihypertensives (e.g., nifedipine), coronary vasodilators (e.g., diltiazem), and antiarrhythmic agents (verapamil and diltiazem) (10) . Oxodipine is a novel dihydropyridine calcium channel blocker with a wide range of clinical cardiac indications.
In the present study, we examined the subchronic effects of oxodipine on the zona glomerulosa of dogs. Histological, morphometric, and ultrastructural changes are described. The possible mechanisms of action of oxodipine on the zona glomerulosa of the adrenal are discussed as well as the clinical implications of this finding.
To the best of our knowledge, this is the first report that describes thickening of the adrenal zona glomerulosa as a result of treatment with a calcium channel blocker.
MATERIALS AND METHODS

Test Compound
Oxodipine (1,4-dihydro-2,6-dimethyl-4(2',~'methylene-dioxyphenyl)-3, 5-pyridinedicarboxylic acid, ethyl methyl ester) (4) was administered twice daily for 90 days. The oxodipine was mixed with the vehicle PEG 6000 (polyethylene glycol) as previously described ( 17) and orally administered in gelatin capsules.
Animals
Beagle dogs (CPB-DOBE67, Central Institute for Breeding of Laboratory Animals, The Netherlands) were obtained at 4 mo of age. The dogs were housed individually in stainless-steel cages (IFRA, France) and fed 400 g Altromin daily (Canine Breeding Diet No. 4143, Germany) in 2 sessions. Water was available ad libitum. The dogs were housed in air-conditioned, temperature-controlled rooms at 21 ± 2°C, and 55 ± 15% relative humidity with a 12 hr: 12 hr light-dark cycle. Dogs were acclimatized 25 days before treatment commenced.
Dosing Regime
Thirty-two beagle dogs were randomly divided into 4 groups, 4 males and 4 females each. The control animals were dosed with the vehicle (PEG 6000), and groups 2, 3, and 4 with 2, 8, and 24 mg/ kg/day oxodipine, respectively. It should be noted that 2 mg/kg/day is the intended therapeutic human dose.
Blood Pressure Measurements
Systolic blood pressure was measured by the indirect method from the coccygeal artery after 10 wk from the commencement of treatment with oxodipine. At least 5 measurements of systolic pressure were made from each dog.
Pathological Examinations
a. Organ Weight and Light Microscopy. After 13 wk of treatment, the dogs were necropsied. A selection of organs were weighed, and samples of all tissues were preserved in 4% buffered formaldehyde. After dehydration and embedding in paraffin wax, sections of tissues were cut at approximately 4-5 m, stained with hematoxylin and eosin (H&E), and examined microscopically.
Sections of the kidneys were stained with periodic acid Schiff (PAS), hematoxylin, and light green (PHG) to demonstrate the content of PAS-positive renin granules in the juxtaglomerular apparatus.
b. Image Analysis. The Quantimet 900 (Q900, Cambridge Instruments Ltd., Cambridge, UK) image analyzer was used in this study. The analyzer was composed of a scanner fitted to a Newvicon camera tube to which a Zetopan microscope (Reichert-Wein, Austria) was attached. During the scanning of the fields, the microscope image was transferred to the video processor, where the analog video signals were processed and digitized. Data processing and calculations were performed by a DEC LSI 11/23 computer. Details of this system have been previously described (13) .
By using the Quantimet 900, the width of the left adrenal zona glomerulosa was measured from each dog in 5 random areas along the contour of the organ. Each measurement was carried out at x 100 magnification.
c. Morphometric Measurements for Lipid Draplet Content. For the morphometric examination of lipid droplet content, tissues from 2 high-dose oxodipine-treated and 2 control dogs from each gender were analyzed. Semithin sections of tissue fragments were cut at about 1 Am and stained with toluidine blue. Fat droplets were counted at x 100 magnification, using the MOP-Videoplan (Kontcon) morphometric system and a standard software program.
Eight cells were randomly selected from 3 sections/ animal.
Only cells of the inner portion of the zona glomerulosa were examined, as these cells represented fully differentiated cells, unlike the cells of the outer portion of the zona glomerulosa, which were blast or immature cells (2) . d. Electron Microscopy. For electron microscopy, the material embedded in paraffin wax was deparaffinized, postfixed in osmium tetroxide, dehydrated, and re-embedded in Epon. The sections were stained with uranyl acetate and lead citrate and observed with a JEOL 100 B electron microscope at 80 kV.
As in the case of the morphometric examination, only the inner portion of the zona glomerulosa was examined. Electron microscopic analysis was carried out on 2 animals from the control and treated groups of both genders.
Statistics
The significance of any intergroup differences was assessed by the Student's t-test. Differences were considered significant at p < 0.05. Correlation tests were carried out using Pearson's correlation coefficient.
RESULTS
Blood Pressure Measurements
The mean values for 5 measurements of each dog after 10 wk of treatment are presented in Table I . Statistically significant decreased values were obtained in both genders treated with the high dose (p < 0.001 for the males and p < 0.01 for the females).
The intermediate-dose female group treated with oxodipine exhibited a small increase in blood pressure (p < 0.05).
Pathological Findings
Only the results describing the changes seen in the zona glomerulosa of the adrenal and kidneys are presented. Changes relating to other organ systems have been previously described (17) . Adrenal weight was slightly increased in animals of both genders receiving 24 mg/kg/day oxodipine (Table II) , although only in the male group was statistical significance achieved (p < 0.05). No changes in the macroscopic appearance of the adrenal glands was noted at necropsy. Microscopic examination revealed an increase in the thickness of the adrenal zona glomerulosa of male and female dogs receiving 24 mg/kg/day oxodipine. There was no histologic evidence of an increase in the width of the zona glomerulosa of dogs treated with 2 or 8 mg/kg/day oxodipine. Morphometric measurements by image analysis confirmed a significant increase in the thickness of the zona glomerulosa of dogs treated with the high dose as compared to controls (Table II) .
Specifically, light microscopic examination of the adrenals of dogs receiving 24 mg/kg/day oxodipine revealed substantial morphological changes. Normally, cells in the zona glomerulosa are arranged in arcs with their convexity directed toward the periphery ( Figs. 1 and 2) . However, in the dogs receiving the high dose of oxodipine, the zona glomerulosa cells were arranged in long linear cords, most of them perpendicular to the capsule and due to an increase in the number of cells in this region. The size of the individual cells of the zona glomerulosa was similar in the control and treated dogs. However, the cytoplasm of the cells of the zona glomerulosa of the treated dogs appeared more eosinophilic as compared to the controls.
Electron microscopy of the cells of the inner portion of the zona glomerulosa of dogs treated with 24 mg/kg/day oxodipine showed a considerable decrease in the number of fat droplets as compared to (Figs. 3 and 4 ). This was confirmed by the histomorphometric analysis performed on these cells (Fig. 5 ). The smooth endoplasmic reticulum (SER) occupied a greater cytoplasmic area, and the mitochondria formed larger clusters in cells from animals treated with oxodipine. In zona glomerulosa of the dogs receiving the high dose of oxodipine (Fig. 4) .
The only change noted in the kidneys was the apparent increase in the number of PAS-positive renin granules in the juxtaglomerular apparatus of dogs of the high-dose group, as compared to controls (Fig. 6 ).
DISCUSSION
The results of this study showed that the cells of the zona glomerulosa of the dog adrenal underwent -----.
--stimulation of their secretory activity as a result of treatment with oxodipine at a dosage of 24 mg/kg/ day. This was indicated by the increase in the thickness of the zona glomerulosa and by the qualitative and quantitative morphological changes observed in the cells of the zona glomerulosa, together with the increase in weight of the adrenal glands. These findings strongly suggest enhanced aldosterone synthesis by these cells. Thickening of the zona glomerulosa has been demonstrated in rats treated with various sub- stances, such as neuropeptide-Y (14), a-melanocyte-stimulating hormone (15) , long-term adrenocorticotropic hormone therapy (8), chronic and short-term prolactin (9) , and angiotensin II (12) .
Moreover, porta-caval shunt in the rat has been shown to induce enhanced cell activity of the zona glomerulosa (2) . In rats in that study, the adaptive response-mediated activation of the renin-angiotensin system resulted from lowering the blood pressure.
Increased thickness of the zona glomerulosa has also been demonstrated in pulmonary hypertension .n dogs naturally infected with heart worm (Dirofi-(aria immitis) (11) . In these cases, a parallel increase in the thickness and mass of the zona glomerulosa of the adrenal was shown.
The changes observed by electron microscopy in our study agree with the model in which a lowering of systemic blood pressure took place in rats following porta-caval shunt-induced surgery (2) . The oxodipine-induced increased mitochondria and the SER components are strongly indicative of enhanced aldosterone biosynthesis, as it is known that the enzymes involved in the hormone synthesis are located in these organelles. The correlative decrease in the number of intracellular lipid droplets may be related to the hypersecretion of these cells.
The myelin figures in the lysosomelike vacuoles probably represent drug-related phospholipid complexes. Similar structures have been previously demonstrated using other drugs in animal models (16) . Spironolactone, a diuretic and antihypertensive drug has also been shown to induce cytoplasmic lamellar bodies in the adrenal cortex (1) . Ultrastructurally, however, these &dquo;spironolactone bodies&dquo; differed from those described in our study, as they were composed of hypertrophic concentric layers of agranular membranes surrounding a core of lipid droplets (6) .
The zona glomerulosa can also be stimulated Fm. 6.-Histologic section of a kidney of an oxodipine-treated dog (24 mg/kg/day). Note the numerous PAS-positive renin granules in the juxtaglomerular cells PHG. x 850. through an independent dopaminergic mechanism. Chronic inhibition of dopaminergic receptors was caused by restricting sodium intake or by treatment with the dopaminergic antagonist metoclopramide, which induced increased aldosterone release and induced cellular hypertrophy of the zona glomerulosa (15) .
Oxodipine, together with nitrendipine and nifedipine, belongs to the class of dihydropyridine L-type calcium channel blockers (4) . These drugs are potent antihypertensive drugs that cause vasodepressor effects in hypertensive and normotensive individuals (7) . Thus, it is suggested that chronic administration of oxodipine (and probably other calcium channel blockers) in humans with a predictive decrease in blood pressure will probably induce an uninterrupted secretory stimulation of the adrenal zona glomerulosa to release aldosterone and, consequently, cause an increase in the zona glomerulosa width. Support for an indirect stimulation effect (i.e., through the renin-angiotensin system) on the zona glomerulosa in the present study is found by the increased numbers of renin granules in the juxtaglomerular apparatus of the kidneys. Calcium channel blockers have been found in vitro to inhibit the evoked release of aldosterone from zona glomerulosa cells with high specificity and effectiveness (5) . Furthermore, Ca2+ influx through the L-type voltage-operated calcium channels and the resultant increase in cytosolic Ca 2+ plays a crucial role in the potassium-induced aldosterone release (3, 5) . Thus, it is possible that the observed effects on the zona glomerulosa may reflect the net outcome of two antagonistic phenomena: the potential inhibitory release of aldosterone by oxodipine, on the one hand, and the hypotensive effect caused by the drug, which would provoke aldosterone production, on the other. Under the present experimental conditions, the latter process is considered dominant.
It has been shown that the zona glomerulosa has high-binding affinity sites for the dihydropyridine calcium channel blockers nitrendipine and nifedipine (3, 5) . Based on this finding, it is possible that oxodipine may have a direct stimulatory effect on the parenchymal cells of the adrenal zona glomerulosa to produce the thickening observed in the present study. Further investigation is needed to evaluate the exact cellular mechanism leading to the thickening effect of the zona glomerulosa and its clinical importance with respect to the increasing use of calcium channel blockers.
